ABSTRACT: Polysulfonated macromolecules are known to bind selectins, adhesion membrane proteins which are broadly implicated in inflammation. Commercially available branched polyethylenimine (PEI) was reacted with chlorosulfonic acid to generate sulfonated PEI with varying degrees of sulfonation. Remaining unreacted amine groups were then used for straightforward conjugation with pyropheophoribide-a, a near-infrared photosensitizer. Photosensitizerlabeled sulfonated PEI conjugates inhibited blood coagulation and were demonstrated to specifically bind to cells genetically programmed to overexpress L-selectin (CD62L) or P-selectin (CD62P). In vitro, following targeting, selectin-expressing cells could be destroyed via photodynamic therapy.
■ INTRODUCTION
Inflammation plays a central role in numerous chronic conditions that adversely affect health including heart disease, 1 cancer, 2 and metabolic disorders. 3 One of the key steps in inflammatory responses involves the migration and extravasation of leukocytes from blood vessels to the site of insult. This process is mediated by selectins, a family of cell-surface glycoproteins that include endothelial (E-), platelet (P-), and leukocyte (L-) selectin. 4 Selectins contain characteristic extracellular domains that include a (1) calcium-dependent, carbohydrate-binding lectin domain, (2) an epidermal growth factor domain, and (3) a domain consisting of two to nine short consensus repeat units involved in protein binding. 5 Following damage, tissues release cytokines that induce endothelial cells to express E-and P-selectin that in turn bind to circulating leukocytes to induce adhesion to the endothelium. Inflammatory activation by molecules like IL-1β and TNFα increases Eselectin expression over a period of hours, whereas other mediators including thrombin, histamine, and peroxides induce P-selectin expression over a period of minutes. 6 The binding partners of selectins and their associated biological significance are still being elucidated, but are numerous. 7 One selectin-binding surface protein of interest that is expressed on circulating leukocytes is P-selectin glycoprotein ligand (PSGL-1). 8, 9 PSGL-1 contains the tetrasaccharide sialyl-Lewis X (sLe X ) as well as O-linked tyrosine-sulfate residues and these two components together regulate selectin-binding. The unbranched sulfonated heparin glycosaminoglycan, a broadly used anticoagulant, is known to inhibit acute inflammation by reducing L-and P-selectin binding function. 10 Several other sulfonated macromolecules have been reported to interact with selectins to some degree, including fucoidan, dextran sulfate, chondroitin sulfate, as well as other sulfonated lipids and sugars. 11 Given the importance of selectins in disease, they have become a target in molecular imaging research. P-selectin antibodies have been used to functionalize microbubbles for ultrasound imaging of renal tissue injury 12 and ischemia 13 in mice. Other antibody-based approaches have been used to target E- 14 and L- 15, 16 selectins. Theranostic selectin targeting has also been described using selectin-binding peptides, 17, 18 aptamers, 19 and sLe X analogues. 20 One noteworthy synthetic approach involves the use of dendritic polyglycerol sulfate (dPGS) as a platform for L-and P-selectin binding. 21, 22 dPGS, which like heparin is a polysulfonated macromolecule, has also been used as a scaffold for fluorescence imaging of inflammation using near-infrared dyes 23, 24 and optoacoustic imaging via conjugation to gold nanorods 25 and has the capacity for radiolabeling with synthesis on the kilo scale. 26 However, synthesis of dendrimers can be an intensive process and dPGS itself contains only terminal hydroxyl groups which require further functionalization prior to bioconjugation. Therefore, alternate selectin-binding platforms that are more readily accessible or that are more easily chemically modified could potentially be useful. One candidate includes a derivative of polyethylenimine (PEI), which is abundantly available, contains a large amount of readily modifiable amine groups, and is easily modified to generate sulfonated PEI (s-PEI). s-PEI has been explored in diverse applications related to anticoagulants, 27 gene delivery, 28 environmental detoxification, 29, 30 and membrane processes. 31 In this study, we report the synthesis and characterization of s-PEI and subsequent conjugation to the photosensitizer pyropheophorbide-a (pyro). Photosensitizers are used in combination with light delivery to target tissues in photodynamic therapy, which is a clinical procedure used to combat various diseases including cancer. 32 Molecular targeting of photosensitizers aims to increase the amount of photosensitizer in the target tissue, thereby reducing harm to nontarget tissues. 33−35 Numerous methods have been explored for photosensitizer targeting including conjugation to antibodies, 36, 37 sugars, 38 aptamers, 39 and small molecules. 40 Photosensitizer targeting strategies for cancer typically involve active targeting to cell surface receptors expressed on cancer cells themselves or vascular targeting to tumor blood vessels, either actively or passively. 41 To the best of our knowledge, the development of photosensitizers targeted to selectins has not yet been explored. Since E-selectin is overexpressed in cancers including breast 42 and prostate, 43 selectin-targeted photosensitizers could possibly offer improved tumor selectivity for PDT treatments. Alternatively, as selectin expression has been reported to increase shortly following PDT, 44, 45 it might be possible to use PDT to strategically induce selectin expression. This would induce a positive feedback effect in attracting more selectin-targeted photosensitizers to the irradiated tissue. Such an approach could be effective in lowering the total amount of injected photosensitizer, thereby reducing systemic side effects to the patient such as sunlight skin toxicity.
■ RESULTS AND DISCUSSION
Synthesis and Labeling of Sulfonated Polyethylenimine. Commercially available branched PEI was modified according to published procedures to produce s-PEI with 6% (s 6 -PEI) and 34% (s 34 -PEI) sulfonation. 27 PEI was stirred in methanol at 60°C with varying amounts of chlorosulfonic acid to generate the s-PEI. Figure 1A shows the chemical reaction, with the bulk of the polymer represented by a sphere and an exemplary segment branch shown. Following the reaction, the product was dissolved in water, precipitated and washed with methanol, and then dried under vacuum to obtain s-PEI. The zeta potential of the s-PEI remained positive, showing that numerous free amine groups remained on the polymer, outweighing the sulfate contribution ( Figure 1B ). The decrease in zeta potential from +19 mV for the unconjugated PEI to +16 mV for s 6 -PEI and +13 mV for s 34 -PEI was due to the decrease in net positive charge induced by the replacement of cationic amine groups with anionic sulfate residues. A simple and standard analytical test for the presence of sulfate ions involves incubation with barium. This results in an insoluble bariumsulfate complex that can be readily detected by an optical turbidity measurement. We applied this approach to equal concentrations of PEI or s-PEI (10 mg/mL) to confirm the presence of sulfate in s-PEI. As shown in Figure 1C , barium chloride did not induce significant precipitation when added to a solution of standard PEI. However, barium rapidly complexed with s 6 -PEI to induce visible aggregation and turbidity in the solution. s 34 -PEI generated a greater amount of precipitation relative to s 6 -PEI. Fourier transform infrared spectroscopy (FTIR) was used to further validate the sulfate group linkages with PEI. Absorption bands at 1190 and 990 cm −1 were observed in the s-PEI, but absent in the PEI samples ( Figure  1D ). These correspond to SO (asymmetric) and SO (symmetric) bonds, and the observed bands occurred at wavenumbers close to those previously reported for s-PEI by others. 30 The prominent band appearing close to 2800 cm −1 in the PEI sample is attributed to N−H stretching 30 and is weakened in the s-PEI samples. To further confirm the decrease in the number of amine groups due to their conversion to sulfate, we used the ninhydrin assay, which is a common and simple colorimetric method to determine the presence of amines. When ninhydrin was added to solutions of PEI and s-PEI, absorption peaks at 570 nm emerged, which are generated due to the reaction of primary amines with ninhydrin. The peaks were integrated and these values are shown in Figure 1E , as a function of the expected sulfonation degree. An inverse linear relationship was observed, suggesting that PEI and s-PEI contained the expected loss of amine groups during their conversion to sulfates. Although the achieved degree of sulfonation was assumed to be consistent with published patent literature, 27 based on the ninhydrin assay to detect a loss in primary amines, the degree of sulfonation was similar to what was expected (7.8% observed vs 6% expected for s 6 -PEI and 38.5% observed vs 34% expected for s 34 -PEI). Additional analysis would be required to more accurately confirm the degree of sulfonation of the samples. Therefore, based on various analytical characterization methods, s-PEI was successfully synthesized and contained available amine groups for further modification.
The photosensitizer pyro, which has a single carboxylic acid group and has been used previously to make targeted photosensitizers, 38 was next conjugated. Pyro was reacted with PEI or s-PEI using a condensation reaction in dimethyl sulfoxide (DMSO) with HBTU as an acid activator and diisopropylethylamine (DIPEA) as a base ( Figure 2A) . As pyro contains a carboxylic acid group, it could easily react with the amines of PEI and s-PEI to generate pyro-PEI and pyro-s-PEI, respectively. Following the reaction, free pyro was removed by repeated aqueous extraction and then remaining small molecule reactants were removed with dialysis. The resulting conjugates were investigated with spectroscopy. As shown in Figure 2B , there was no shift in the peaks of the absorption profile of the conjugated pyro and pyro effectively labeled both the PEI and s-PEI samples, based on the observed absorption intensities. When the absorption of the samples was adjusted to be equal, all the samples exhibited similar fluorescence when measured in methanol ( Figure 2C ). However, in water, pyro-PEI exhibited self-quenching compared to pyro-s 6 -PEI and pyro-s 34 -PEI, both of whose brightness was only slightly attenuated compared to free pyro in methanol ( Figure 2D ). It is possible that the sulfonation inhibited self-quenching in the pyro-PEI samples, which may have been caused by structurally induced pyro dimerization. To verify that pyro-s-PEI retained its sulfate groups during the course of pyro conjugation, the barium turbidity assay was carried out. As expected, with increasing degree of sulfonation, an increased generation in the turbidity was observed, confirming the intactness of the sulfate groups ( Figure 2E ). When freshly drawn mouse blood was mixed with pyro-s-PEI, but not pyro-PEI, coagulation was effectively inhibited ( Figure 2F ). Thus, pyro-s-PEI retained the anticoagulatory properties of sulfonated macromolecules.
Cellular Activity of pyro-PEI and pyro-s-PEI. Like many cationic polymers, toxicity concerns are associated with PEI, due to the interactions of large amounts of positive amine groups with cellular structures. 46 The in vitro toxicity of pyro-PEI and pyro-s-PEI was assessed. Cell viability was examined by incubating Chinese hamster ovary (CHO) cells with different concentrations of pyro-conjugated samples (0.4−400 μg/mL) for 90 min and then assessing the viability 24 h later. As shown in Figure 3 , following incubation, pyro-s-PEI induced no significant decrease in cellular viability at any of the concentrations examined. However, pyro-PEI significantly inhibited the cellular viability by 50% and 75% at incubation concentrations of 40 and 400 μg/mL, respectively. Therefore, pyro-s-PEI appeared to be less toxic compared to pyro-PEI. These results are consistent with literature examples which have shown that anionic modification of PEI can reduce its cellular toxicity. 47 Macromolecule sulfonation is important for L-and P-selectin binding, 11 and the vast majority of these sulfate ligands are O- linked groups. However, N-linked sulfates are found (along with O-linked sulfates) on some selectin-binding macromolecules such as heparin. We examined the binding of pyros-PEI, which contains N-linked sulfates, to cells overexpressing these selectins. CHO cells were stably transfected with P-and L-selectin as previously described, to generate CHO-P and CHO-L cells, respectively. 48 Pyro-PEI and pyro-s-PEI samples were incubated with all three types of cells for just 3 min at 37°C
, at 100 nM pyro concentration. Following incubation, the cell nuclei were stained with Hoechst dye and the cells were microscopically imaged by examining both the pyro signal and the Hoechst signal (Figure 4 ). CHO cells exhibited only a relatively weak pyro fluorescence (shown in yellow) when incubated with either pyro-PEI or pyro-s-PEI. However, CHO-P and CHO-L both displayed a prominent pyro signal when incubated with both pyro-s 6 -PEI and pyro-s 34 -PEI, but not nonsulfonated pyro-PEI. This suggests that the pyro-s-PEI samples could rapidly bind to P-selectins and L-selectins expressed on the surface of CHO-P and CHO-L cells, respectively. To further probe the specificity of binding, 50-fold excess unlabeled s-PEI was coincubated with the cells. When excess s-PEI was present, pyro-s-PEI binding was inhibited, suggesting that sulfate interaction to the cells was responsible for the binding.
Given the binding of pyro-s-PEI to cells expressing L-and Pselectin, and that pyro is a photosensitizer, we investigated celltargeting for photodynamic therapy (PDT) applications. As a control, nonsulfonated pyro-PEI was incubated with CHO, CHO-P, and CHO-L cells, and following irradiation did not induce dramatic PDT cell killing ( Figure 5A ). Pyro-s 34 -PEI was incubated with the same cells and then the cells were treated with the same 665 nm irradiation. When pyro-s 34 -PEI was used, CHO-P and CHO-L were significantly more impacted by the treatment, with 15-fold less viability at a 10 J/cm 2 light dose, compared to CHO cells not expressing selectins ( Figure 5B ). This demonstrates the in vitro efficacy of pyro-s-PEI as a targeted PDT agent.
■ CONCLUSION
In summary, s-PEI can readily be generated from commercially available PEI, with varying degrees of sulfonation. s-PEI can then be used for further bioconjugation with photosensitizers to generate materials such a pyro-s-PEI. Pyro-s-PEI was able to specifically bind to cells overexpressing selectins and be used as a selective PDT agent against those cells. Future work includes the application of these chemical compounds in in vivo disease models.
■ EXPERIMENTAL SECTION
Materials. Unless otherwise stated, materials were obtained from Sigma.
Sulfonated-PEI Synthesis. Branched polyethylenimine with a molecular weight of 10 kDa as determined by gel permeation chromatography was obtained from Sigma (# 408727). s-PEI was synthesized as previously reported. 27 In brief, 5 g of PEI was dissolved in 50 mL of methanol and was stirred for 30 min in a three-necked round-bottom flask until PEI was completely dissolved in methanol. Then the solution containing methanol was constantly stirred mechanically and chlorosulfonic acid was added (8.5 mL for 6% and 31 mL for 34%) to the solution. After addition, the solution was heated to 60°C for 30 min. A thick yellow paste formed, which was then dissolved in 5 mL of water. A precipitate was obtained by adding the aqueous mixture into methanol dropwise. The precipitate at the bottom was washed with methanol twice. This procedure was repeated thrice in order to get a purified product and then it was placed under vacuum for 24 h to obtain s-PEI in powder form. The degree of sulfonation was assumed to be as reported per the patent literature. 27 Pyro Conjugation. Pyropheophorbide-a (pyro) was synthesized as previously reported. 49 s-PEI was dissolved in 1 mL dimethyl sulfoxide (DMSO) via sonication. Subsequently, O-benzotriazol-1-yl-tetramethyluronium hexafluorophosphate (HBTU, VWR # 101116−588) was added along with diisopropylethylamine (DIPEA) and pyro, which was also dissolved in DMSO. This mixture was magnetically stirred for 24 h after which it was added to water and dichloromethane (DCM) in a 1:1 ratio. The aqueous phase was extracted and this process was repeated thrice to obtain a purified product. Excess solvent and reagents were further removed via membrane-based dialysis with tubing with a molecular weight cutoff of 3.5 kDa (Spectra/Por # S632720) and water was replaced thrice over 12 h.
Polymer Characterization. Fourier transform infrared spectroscopy (FTIR) spectra were collected on Bruker Ram II spectrometer using sulfonated-PEI pellets. Zeta potential was measured with Brookhaven 90Plus PALS instrument in a 10 mM phosphate buffer (pH 7.4). Absorption measurements were recorded on a PerkinElmer Lambda 35 UV/vis spectrometer. Fluorescence measurements were recorded in a Photon Technology International fluorometer.
Primary amines in sulfonated-PEI were quantified by the ninhydrin assay. In short, 5.4 g of sodium acetate was dissolved in 6 mL of deionized water to make a sodium acetate buffer. pH was adjusted to 5.2 using approximately 1 mL of acetic acid and the flask was filled to 10 mL with deionized water. Minutes before the assay, ninhydrin solution was prepared by adding 200 μg of ninhydrin to 7.5 mL of DMSO. Subsequently, 2.5 mL of 4 M acetate buffer was added and then the solution was analyzed. 0.75 mg of PEI/sulfonated-PEI was dissolved in water and 400 μL of this solution was mixed with 300 μL of ninhydrin test solution and heated to 80°C. The solution was cooled and 400 μL of ethanol was added to the cooled solution. Absorbance of the sample, which obtained a peak at 570 nm was measured and integrated. For the barium chloride assay, 100 mg barium chloride was dissolved in 10 mL deionized water and sonicated until the salt was completely dissolved. Ten mg of PEI or s-PEI was dissolved in 0.5 mL deionized water. 0.5 mL of barium chloride solution was added to 0.5 mL of PEI or s-PEI solution and following 5 min of incubation, the turbidity was measured at 800 nm using a UV/vis spectrometer.
Animal experiments were carried out in accordance with the Institutional Care and Use Committee of University at Buffalo. Clotting activity of blood was measured by incubating the polymer samples with freshly drawn blood of ICR mice. 100 μL of blood was incubated (within few seconds after drawing) with 2 μL of polymer samples for a final polymer concentration of 100 μg/mL and coagulation was observed at 1 min intervals for 15 min.
Cell Viability and PDT. Chinese Hamster Ovary (CHO) cells were cultured at 37°C (5% CO 2 ) in Dulbecco's modified eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin. CHO cells were seeded in a 96-well plate with 10 000 cells per well. After 24 h, wells were rinsed with PBS (twice) in order to remove the floating cells. Growth medium was replaced with polymer samples of varying concentrations diluted in growth medium followed by a 90 min incubation at 37°C (5% CO 2 ). Cells were rinsed with PBS (twice) after incubation and were incubated with 100 μL of fresh media containing serum for 24 h.
For PDT, cell media was replaced with PBS containing pyroconjugated polymers. The cells were incubated with pyro-PEI and pyro-s 34 -PEI (pyro concentration: 100 nM) for 3 min and the medium was replaced with 100 μL of fresh media and subsequently treated with 665 nm irradiation at different fluences (0, 5, and 10 J/cm 2 ). A custom built 665 nm LEDbased light box was used for irradiation at a constant fluence rate of 15.3 mW/cm 2 . Viability was assessed with XTT after the cells were incubated for another 24 h at 37°C (5% CO 2 ). 100 μL of PBS containing 50 μg/mL of XTT (2,3-Bis(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) and 30 μg/mL of PMS (N-methyl dibenzopyrazine methyl sulfate) was added to each well and incubated for 3 h. Absorbance values were measured at 450 nm and background values at 630 nm were subtracted from the values at 450 nm at 3 h. To quantify cell viability, cell viability was predefined as the ratio of absorbance of samples with polymer to samples without polymer (control group). Blank XTT values were subtracted from both samples. XTT viability assay was performed in triplicate and standard deviation was calculated based on the triplicate values.
Microscopy. CHO cells (1 × 10 5 ) were plated on a 96-well plate in DMEM supplemented with 10% FBS and 1% antibiotics at 37°C (5% CO 2 ) and allowed to adhere for 24 h. After washing with PBS twice, the cells were incubated with polymer samples of pyro-PEI or pyro-s-PEI with pyro concentration of 100 nM for 3 min. After washing the samples Figure 5 . PDT cytotoxicity caused by (A) pyro-PEI and (B) pyro-s 34 -PEI in CHO cells expressing P-or L-selectin. Pyro-PEI or pyro-s 34 -PEI was incubated with indicated cells at a concentration of 100 nM pyro in a 96-well plate and then PDT was performed using 665 nm light at the indicated fluences. Cell viability was assessed 24 h later using the XTT assay. Mean ± std dev for n = 3. * denotes statistically significant difference (P < 0.05) between CHO and CHO-L-selectin or CHO-P-selectin cells based on one-way analysis of variance with post hoc Tukey's test.
with PBS twice, nuclei were stained with Hoechst 33342 Fluorescent Stain (100 μL of 7.8 μg/mL) and incubated for 15 min at 37°C (5% CO 2 ). The wells were washed with PBS thrice and cells were imaged with an EVOS FL cell imaging system.
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